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CHkPTER 1 

EXPERIMENTS AND DETECTORS FOR HIGH ENERGY HEAVY I O N  
COLLIDERS 

T. LUDLAM 
Physics  Department 
Brookhaven Nat ional  Laboratory 
Upton, New York 

1. INTRODUCTION: The Nature of t h e  Experiments 

I n  t h e  previous t a l k ,  by Lee Schroeder, '  you have seen an 

overview of t h e  d e t e c t o r  c o r s i d e r a t i o n s  f o r  f u t u r e  experi-  

ments with high energy nuc lear  beams. By and l a r g e ,  t h e s e  

experiments are shaped by t h e  expec ta t ions  f o r  new phenour 

ena t o  be r e a l i z e d  when nuclear  matter is brought t o  

extreme states of. temperature and dens i ty .  Lee has concen- 

t r a t e d  on t h e  f i x e d - t a r g e t  experiments which a r e  being 

prepared f o r  the  r e l a t i v e l y  near  f u t u r e  at Brookhaven and 

CERN: 
t o  approach t h e  limit of nuc lear  t ransparency and t h u s  

produce high energ). d e n s i t y  through compression and h e a t i n g  

of baryon-rich n u c l e a r  matter. 

' 

experiments  a t  c o l l i s i o n  energ ies  which are expected 

I n  t h e  p r e s e n t  t a l k  my focus  will be on t h e  problems 

and p o s s i b i l i t i e s  f o r  experiments a t  the h ighes t  c o l l i s i o n  

e n e r g i e s  achievable  i n  man-made a c c e l e r a t o r s ;  i.e. c o l l i d -  

i n g  beams of heavy n u c l e i  at  c.m. e n e r g i e s  > lo0  GeV/amu, 

w e l l  beyond t h e  threshold  of nuc lear  t ransparency.  Here t h e  
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f i n a l  s ta te  c o n s i s t s  of two hot,  dense, baryon-rich f i r e -  

b a l l s  f l y i n g  away from each o t h e r  a t  l a r g e  r a p i d i t y  ( t h e  

f ragmenta t ion  r e g i o n s ) ,  and thermally-produced p a r t i c l e s  

w i t h  near-zero. n e t  baryon number populat ing t h e  c e n t r a l  

r a p i d i t y  range. The matter produced a t  c e n t r a l  r a p i d i t y  

( t h e  l a b  frame f o r  a . c o l l i d e r )  may reach  extremely h igh  

temperatures  and energy d e n s i t i e s ,  and it i s  here  t h a t  one 

e x p e c t s  t o  produce thermodynamic c o n d i t i o n s  s i m i l a r  t o  

those  which e x i s t e d  when t h e  e a r l y  u n i v e r s e  condensed from 

a plasma of quarks and gluons t o  a gas  of hadrons. 

Figure 1 shows t h e  layout  of the Brookhaven a c c e l e r a t o r  

complex, i n c l u d i n g  t h e  par t ia l ly-completed ISABELLE c o l l i d -  

. i n g  beams a c c e l e r a t o r  which is now being proposed. as a dedi- 

For t h e  sake c a t e d  R e l a t i v i s t i c  Heavy Ion C o l l i d e r  (RHIC).2 
of s p e c i f i c i t y  t h e  d i s c u s s i o n  here  w i l l  assume a c o l l i d e r  

f a c i l i t y  w i t h  t h e  des ign  parameters o f  RHIC: beam masses and 

e n e r g i e s  up t o  gold (A=200) a t  100 GeV/amu with l u m i n o s i t y  

L> 1026 'a -2 sec-1. 

W e  are f a m i l i a r  wi th  many examples of l a r g e ,  expensive 

and e x t r a o r d i n a r i l y  complex d e t e c t i o n  s y s t e m  f o r  s tudying  

c o l l i s i o n s  of e lementary par t ic les  i n  e+e-, PP and Pp calli- 

ders .  D e t e c t o r s  a t  a heavy i o n  c o l l i d e r ,  while they  may 

a l s o  be complex and expensive,  are l i k e l y  t o  be very d i f f e r -  

e n t  i n  t h e i r  des ign  and f u n c t i o n  from t h e i r  c o u n t e r p a r t s  i n  
h i g h  energy physics  experiments. Machines such as  UP, t h e  - 
pp c o l l i d e r s ,  and t h e  Superconducting Super C o l l i d e r  are 

undertaken t o  explore  t h e  realm of hard s c a t t e r i n g  processes  

t o  r e s o l v e  phenomena a t  the  s h o r t e s t  p o s s i b l e  i n t e r a c t i o n  

d i s t a n c e s .  This l e a d s  t o  experiments d e t e c t i n g  l e p t o n s  and 

je ts  a t  h igh  t r a n s v e r s e  momenta, which a r e  rare events ,  and 

l i t t l e  o r  no concern f o r  s e n s i t i v i t y  t o  t h e  " s o f t "  p a r t i c l e s  

which are t h e  t y p i c a l  r e a c t i o n  products  . , . - .  

- !  
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Fig. I. S i t e  map of the Brookhaven a c c e l e r a t o r  complex, 
showing the  30 GeV Al t e rna t ing  Gradient  SEnchrotron 
(AGS) proton a c c e l e r a t o r  with heavy i o n  i n j e c t i o n  
from the Tandem Van de Graaff f a c i l i t y .  
would se rve  as i n j e c t o r  t o  t h e  ( u n f i n i s h e d )  

The AGS 

' c o l l i d i n g  beams f a c i l i t y .  

.. . . 
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TAB= -1. Experimental signals f o r  new s ta tes  o f  matter. 

I SIGNAL 

INCLUSIVE P A R T I C L E  
S P E C T R A  
P A R T  1 C L E  
I N T E R F E R O M E T R Y  

MULT I - P A R T  I C L E  
C O R R E L A T I O N S  IN 
R A P I 0 I T Y ; E N E R G Y  FLOW 

LOCAL C H A R G E  
C O R R E L A T I O N S  

P A R T I C L E  FLAVOR RATIOS I 
S T A 9 L E  MULTIOUARK 

'STATES 

DIRECT P H O T O N  
P R O D U C T I O N  (m, =p,) 

L E P T O N  P A I R  
P R O D U C T I O N  
( V I R T U A L  P H O T O N :  
m: = m L + P $ )  

H I G H -  pI JETS 

COMMENTS 

INDICATORS O F  T E M P E R A T U R E ,  S I Z E  AND O E N S I T Y  

LONG RANGE C O R R E L A T I O N S  AND MACROSCOPIC 
F L U C T U A T I O N S  C H A R A C T E R I S T I C  O F  FIRST-ORDER 
P H A S E  T R A N S I T I O N  

COLOR S C R E E N I N G  E F F E C T S  IN P L A S M A  D I F F E R E N T  
FROM NORMAL PAIR PRODUCTION BY VACUUM 
P O L A R I Z A T I O N  

C H E M I C A L  E O U I L 1 8 R I U M  IN HOT P L A S M A  G I V E S  A 
L A R G E  N U M 8 E R  O F  STRANGE P A R T I C L E S  A N 0  
E N H A N C E D  x/a R A T I O  

6 - Q U A R K  A N D  H I G H E R  C O N F I G U R A T I O N S  REAOILY 
A S S E M B L E D  IN T H E  P L A S M A  

m , d  50 MeV: C O H E R E N T  E M I S S I O N  F R O M  LOCAL 
C H A R G E  F L U C T U A T I O N S  

5 O S m ,  5 500 M N :  H A D R O N I C  DECAYS; SOME 
C O H E R E N T  E F F E C T S  

5 0 0 S m l  d 3 G I V :  D I R E C T  E M I S S I O N  F R O M  PLASMA 

m t l  3 G N :  A P P R O A C H  TO E O U I L I 8 R I U M ~ S T R U C T U R E  
F U N C T I O N S  OF OUARKS  AN^ GLUONS 
C H A N G E  AND A R E  C O M P U T A 8 L E  IN 
P E R T U R B A T I V E  OCD 

M E A S U R E S  P R O P A G A T I O N  O F  OUARKS A N D  G L U O N S  
T H R O U G H  N U C L E A R  M A T T E R .  HADRONIZATION 

O U A R K - G L U O N  P L A S M A  
PROPERTIES REFLECT T H E  " ~ E A L  SEA'' OF 

GLOBAL E V E N T  
P A R A M E T E R S  

INOICATORS OF A 
P H A S E  TRANSITION 
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By c o n t r a s t ,  the  quark-matter physics  of high energy 

i iuclear.  c o l l i s i o n s  emphasizes t h e  long d i s t a n c e  a s p e c t s  of 

QCD, and t h e  s i g n a l s  of i n t e r e s t  involve p a r t i c l e s  whose 

moment a a r e  c h a r a c t e r i s t i c  of t h e  equi l ibr ium thermodynamic 

c o n d i t i o n s  reached i n  the c o l l i s i o n .  This means t h a t  most 

experiments  will be designed t o  look f o r  s i g n a l s  c a r r i e d  by 

r e l a t i v e l y  s o f t  p a r t i c l e s .  Table I summarizes t h e  kinds of 

s i g n a l s  which a r e  o f t e n  d i s c ~ s s e d . ~  They emphasize measure- 

.merit of d e t a i l e d  g l o b a l  p a t t e r n s  of energy f l o w  ( i n  which 

t h e  importance of i n d i v i d u a l  p a r t i c l e  measurements is sup- 

p r e s s e d ) ;  t h e  r e l a t i v e  r a t e  of heavy f l a v o r  product ion  

( s t r a n g e n e s s  and charm); short-range c o r r e l a t i o n s  among 

small  numbers of p a r t i c l e s ,  inc luding  resonance masses and 

p a r t i c l e  i n t e r f e r o m e t r y  ( t h e  l a t t e r  i s  a completely new form 

of  measurement made p o s s i b l e  by the high m u l t i p l i c i t y  and 

l a r g e  s p a t i a l  e x t e n t  of i n t e r e s t i n g  events  - these  measure- 

ments r e q u i r e  p r e c i s e  measurement of i n d i v i d u a l  t r a c k s ,  

p o s s i b l y  over a l i m i t e d  s o l i d  angle) ;  and the d e t e c t i o n  and 

r e c o n s t r u c t i o n  of r e l a t i v e l y  rare froms of par t ic le  emission 

which a r e  thought t o  s e r v e  as " p e n e t r a t i n g  probes" of t h e  

i n i t i a l  

s e e n  as 
s e e n  as 

be made 

t r i g g e r  

s t a g e s  of t h e  nuc lear  c o l l i s i o n  ( v i r t u a l  photons, 

l e p t o n  p a i r s ,  o r  hard-scat tered quarks and gluons 

j e t s ) .  

on an event-by-event b a s i s ,  w i t h  some kind of 

s e l e c t i o n  on s m a l l  impact parameter and l a r g e  energy 

I n  genera l  t h e s e  types of measurements must 

depos i t ion .  The f i n a l  states thus  s e l e c t e d  w i l l  be very 

d i f f e r e n t  from those  encountered i n  high energy physics  

experiments  : t h e  par t ic le  m u l t i p l i c i t y  may range i n t o  t h e  

. thousands. An educated guess a t  the average r a p i d i t y  d i s -  
- 

t r i b u t i o n  of charged p a r t i c l e s  f o r  t h r e e  d i f f e r e n t  c o l l i d e r  

e n e r g i e s  is shown i n  Figure 2. Figure 3 relates t h e  rapid- 

i t y  spectrum t o  i n t e r v a l s  of l a b o r a t o r y  angle  i n  a p o s s i b l e ,  
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I 7 + 7 GeV/amu FLAB = 100 GcV/amu 1 
('CH) ' 400 

2 ' 4  6 

30 + 30 G&/amu 
(ncH) = 1000 

. 0 2 4 6 

. .  

. o  2 4 6 
Y 

Fig. 2. I l l u s t r a t i n g  the  expected charged par t ic le  s p e c t r a  
f o r  Au + Au c o l l i s i o n s  a t  var ious  c o l l i d e r  ener- 
g i e s .  The shaded areas are the n e t  proton densi-  
t i e s  e x t r a p o l a t e d  from the s topping  power measure- 
ments i n  pro ton-nucleus c o l l i s i o n s .  <ncH> is t h e  
mean m u l t i p l i c i t y  of charged p a r t i c l e s .  

100+100 GeV/omu 
(nCH). 2000 
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Y=O Y= I 

FORWARD 
CALOR I METER 

----_ BEAM CROSSING ------------ , 

Fig. 3. Schematic layout  showing t h e  geometry and kine- 
matics of a d e t e c t o r  system f o r  c o l l i d i n g  beams 
experiments . 
t o  var ious r a p i d i t y  (y) values are indica ted .  A 
f u l l  sol id-angle  d e t e c t o r  would have. t h e  same cov- 
e r a g e  on e i t h e r  s i d e  of J = 0; t h i s  i l l u s t r a t i o n  . 
shows coverage of the  c e n t r a l  reg ion  and one of t h e  
f ragmenta t ion  regions . 

The angular  in te rva ls  corresponding 
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l a y o u t  of detectors. .  

In t h e  fo l lowing  s e c t i o n s . 1  will examine some s p e c i f i c  

d e t e c t i o n  problems f o r  these  experiments. The r e q u i r e d  

d e t e c t i o n  technology f o r  t r a c k i n g ,  ca lor imet ry ,  p a r t i c l e  

i d e n t i f i c a t i o n  and f a s t  t r i g g e r  d e c i s i o n s  has a g r e a t  d e a l  

i n  common wi th  components of high energy physics  experi-  

ments. 

t y p e s  and t h e i r  e lementary p r o p e r t i e s  some suggested sources  

For g e n e r a l  d i s c u s s i o n s  of t h e  var ious  d e t e c t o r  

' are given i n  Refs. 3-5. 

2. THE PROBLEM OF TRACKING 

The problem of t r a c k i n g  i n  these  experiments is  one of deal- 

i n g  w i t h  e x t r a o r d i n a r i l y  high m u l t i p l i c i t i e s  of p a r t i c l e s :  

upwards of 1000 charged t r a c k s  i n  t h e  c e n t r a l  r a p i d i t y  

r e g i o n  (Fig.  2> ,  corresponding t o  -200 per  s t e r a d i a n  of 

s o l i d  angle.  I n  poin t  of f a c t ;  t h i s  d e n s i t y  of t r a c k s  i s  

not g r e a t e r  than those  encountered i n  p r e s e n t  experiments  

l o o k i n g  a t  high-pT je ts .  The measurement of l o c a l  t r a c k  -. 

d e n s i t i e s  of t h i s  magnitude is not  beyond the c a p a b i l i t y  of 

p r e s e n t  d e t e c t o r  technology. The d i f f i c u l t y ,  of course,  i s  

t h a t  i n  n u c l e a r  c o l l i s i o n  events  the d e t e c t o r s  w i l l  see such 

' d e n s i t i e s  uniformly over a l l  angles .  

It may be asked, with so many f i n a l - s t a t e  p a r t i c l e s  per 

event ,  whether it i s  necessary  t o  r e s o l v e  i n d i v i d u a l  t r a c k s  

i n  o r d e r  t o  determine t h e  s a l i e n t  event  parameters.  Indeed . 

it is t r u e  t h a t  many of t h e  g l o b a l  p r o p e r t i e s  of events  can 

b e  obta ined  through l o c a l  averages over  many p a r t i c l e s ,  e.g. 

w i t h  c a l o r i m e t e r  measurements, i n  ways t h a t  would not  be 

p o s s i b l e ,  because of l a r g e  f l u c t u a t i o n s ,  i n  e lementary par t -  

i c l e  c o l l i s i o n s .  

Nonetheless,  we have seen t h a t  t h e r e  are cases where 
. .  

it is  d e s i r a b l e  t o  r e s o l v e  s i n g l e  p a r t i c l e s  i n  high m u l t i -  
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p l i c i t y  n u c l e a r  c o l l i s i o n s :  

p a r t i c l e s  and lep tons ,  and the measurement of c o r r e l a t i o n  

f u n c t i o n s  f o r  p a r t i c l e  i n t e r f e r o m e t r y  are soze exampies . 
It may be a c c e p t a b l e  t o  make such measurements over a 

l i m i t e d  s o l i d  angle ,  sampling a small  f r a c t i o n  of the  t o t a l  

f i n a l - s t a t e  p a r t i c l e  count . In this case today ' s  advanced, 

three-dimensional "imaging d e t e c t o r s "  are up t o  t h e  job.  

For example, t h e  t i m e  p r o j e c t i o n  chamber (TPC) being b u i l t  

f o r  t h e  ALEPH experiment a t  U P  i s  designed t o  handle t r a c k  

d e n s i t i e s  up t o  -1000/s teradian i n  jets which a r e  l o c a l i z e d  

t o  -.01 s t e r a d i a n o 6  

expensive and wi th  b e t t e r  r a t e  c a p a b i l i t y  than t h e  TPC, are 

being r e f i n e d  t o  t h e  poin t  where they may be considered f o r  

such a p p l i c a t i o n s .  Thus, the  two-track r e s o l u t i o n  i n  t h e  

d r i f t  d i r e c t i o n  i n  t h e  convent ional  wire chanber is typi -  

c a l l y  on t h e  o r d e r  of 5 mm. Improvements i n  e l e c t r o n i c s ,  

e l e c t r o d e  geometry, and gas  chemistry have reduced this by 

an o r d e r  of magnitude i n  p r a c t i c a l  p ro to types  t h a t  are now 

being b u i l t .  ' 

t h e  d e t e c t i o n  of s t r a n g e  

Other types of w i r e  chanbers,  less  

7 8  

If i t  is  necessary  t o  cover l a r g e  s o l i d  angles ,  record- 

i n g  hundreds of tracks i n  a s i n g l e  event ,  t h e  d i f f i c u l t y  

l i e s  not  i n  t h e  t e c h n i c a l  l i m i t a t i o n s  of t h e  d e t e c t o r s  them- 

s e l v e s ,  but  i n  t h e  d a t a  a c q u i s i t i o n  and processing. The 

system, c o n s i s t i n g  of d e t e c t o r  and t r a c k  r e c o n s t r u c t i o n  

algori thm, must be designed so t h a t  t h e  processing t i m e  

remains approximately l i n e a r  w i t h  the number of t r a c k s  up t o  

very h igh  t r a c k  counts. The i n t r i n s i c  limits have not  been 

explored in real experiments,  a l though s t u d i e s  of a par t icu-  

lar  case i n d i c a t e  t h a t  t h e  l e v e l  of -1000 t r a c k s  p e r  event  

. .  

can be reached with p r e s e n t l y  understood techniques.  7 
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3. LEPTON MEASUREMENTS 

E f f e c t i v e  measurement of low-mass e l e c t r o n  pairs i n  the high 

m u l t i p l i c i t y  environment of nucleus-nucleus i n t e r a c t i o n s  is 
widely recognized a s  an important  and formidable  cha l lenge  

f o r  t h e  des ign  of experiments.  Detai led c a l c u l a t i o n s  of 

d e t e c t o r  response and background r a t e s  have been c a r r i e d  out  

f o r  s p e c i f i c  cases of experiments planned f o r  f i x e d  t a r g e t  

o p e r a t i o n .  ' ' 
9 10 1 1  

The i n s t r u m e n t a t i o n  must be capable  of d i s t i n g u i s h i n g  

e l e c t r o n s  from a high flux of background hadrons: e l e c t r o n  

t o  hadron r e j e c t i o n  a t  a l e v e l  = lo5 i s  requi red .  I n  t h e  

c o l l i d e r  case t h i s  might be accomplished i n  a s p e c i a l i z e d  

d e t e c t o r  of r e l a t i v e l y  small a p e r t u r e  of 90" i n  t h e  c.m. 

w i t h  t h e  t r a c k s  most favorably  disposed i n  l a b o r a t o r y  angle.  

For e f f i c i e n t  d e t e c t i o n  of low-mass p a i r s  a two-arm d e t e c t o r  

would be r e q u i r e d  ( t h e  arms back-to-back). Successive,  

independent Cerenkov measurements would provide good hadron 

r e j e c t i o n .  The Cerenkov counters  have t o  be w e l l  segmented. 

If ring-imaging Cerenkov detectors ' '  are developed t o  t h e i r  

apparent  p o t e n t i a l ,  one has a very n i c e  s o l u t i o n  f o r  t h i s  

c o n f i g u r a t i o n :  a m u l t i t r a c k  d e t e c t o r  wi th  good p o s i t i o n  

r e s o l u t i o n  which can be made e f f e c t i v e l y  b l ind  t o  t h e  

m u l t i t u d e  of background hadronic  t r a c k s  , 

These t e c h n i c a l  requirements  f o r  e lec t ron/hadron  d i s -  

c r i m i n a t i o n  notwithstanding,  t h e  most s e v e r e  fundamental 

T l i m i t a t i o n  t o  t h e  s t u d y  of e l e c t r o n  p a i r s  i n  t h e  m a s s  and p 

range 6 1 GeV 2s t h e  l e v e l  of background e l e c t r o n s  from sec- 

ondary processes .  Given t h e  charged. p a r t i c l e  d e n s i t i e s  

i n d i c a t e d  i n  Fig. 2, we can expect i n  excess of 100 P O  

. p a r t i c l e s  per  un i t  of r a p i d i t y  i n  t h e  c e n t r a l  region,  Thus 

on t h e  average t h e r e  w i l l  be = 1 e e p a i r  per  u n i t  of + -  
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r a p i d i t y  from t h e  decay 8' + e e Y, and > 200 photons from 

'11' + y y. If . t h e  d e t e c t o r s  present  only 2% of a r a d i a t i o n  

+ -  

l e n g t h  of material th ickness  t o  induce p a i r  conversions,  t h e  

n e t  result i s  > 10 e l e c t r o n s  p e r  u n i t  r a p i d i t y  i n  each 

event.  This background can only  be e l imina ted  by c o r r e c t l y  

r e c o n s t r u c t i n g  a l l  e l e c t r o n s  and removing p a i r s  with mass > 
100 MeV. 

t h i s  t a s k  ( s e e  R e f s .  9, 10, 11) have r a t h e r  c o n s i s t e n t l y  

concluded t h a t  t h e  l i m i t i n g  s e n s i t i v i E y  f o r  e e 

t h e  mass range .5 - 1 GeV i s  

Design s t u d i e s  with d e t e c t o r  systems optimized f o r  

+ - '  
p a i r s  i n  

. Specia l ized  techniques f o r  e l e c t r o n  i d e n t i f i c a t i o n  are 

n o t  so e a s i l y  incorpora ted  i n  a l a r g e  s o l i d  angle ,  genera l  

purpose d e t e c t o r  such a s  t h a t  shown i n  Fig. 3. In  t h e  cen- 

t r a l  r a p i d i t y  r e g i o n  such a d e t e c t o r  may achieve  some e / r  re- 
j e c t i o n  through dE/dx measurements, i f  s e n s i t i v i t y  i s  s u f f i -  

c i e n t l y  good t o  work i n  t h e  r e l a t i v i s t i c  rise regime. This 

is a s e v e r e  requirement f o r  a d e t e c t o r  which must a l so  ' 

achieve  e f f i c i e n t  t r a c k i n g  a t  high m u l t i p l i c i t i e s  and remain 

r e l a t i v e l y  compact. Some a d d i t i o n a l  hadron r e j e c t i o n  may be 

gained with f ine-gra in  segmentation i n  the  f i r s t  l a y e r s  (=20 

rad.len.) of t h e  ca lor imeter .  Very s o f t  hadrons (By 2) may 

be r e j e c t e d  by t ime-of-f l ight ,  even i n  a compact geometry 

with = 1 meter f l i g h t  path, i f  t h e  t iming accuracy promised 

by Pestov. c o k t e r s  can be r e a l i z e d  i n  a p r a c t i c a l  way.13 In 

t h e  forward d i r e c t i o n s ,  where t h e  l a b o r a t o r y  momenta are high 

compact t r a n s i t i o n . r a d i a t i o n  de tec tors .may be used f o r  elec- 

t r o n  i d e n t i f i c a t i o n  with good segmentation and hadron re j  ec- 

t i o n  as i l l u s t r a t e d  i n  Fig. 4 .  All of these  techniques re- 

q u i r e  ef f i c i e n t  and p r e c i s e  t racking  and momentum measure- 

ment. 
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Muons are i d e n t i f i e d  by t h e i r  a b i l i t y  t o  p e n e t r a t e  a 

t h i c k  absorber ,  and f o r  high momentum muons t h i s  provides  a 

s t r a i g h t f o r w a r d  means of reducing the h igh  m u l t i p l i c i t y  ha- 

d r o n i c  background. 

qu i red  f o r  e f f e c t i v e  f i l t e r i n g  o f  hadrons. '  Thus, i n  t h e  

c o l l i d e r  geometry one may not be ab le  t o  e f f i c i e n t l y  measur.e 

low-mass, low P muon p a i r s  i n  t h e  r a p i d i t y  range near y = 0. 

Muons of momentum p1-1 > 5 GeV/c are re- 

T -  
The main r e g i o n  of i n t e r e s t  i n  t h e  spectrum of 

t r a n s v e r s e  mass of muon p a i r s  is (see  Table I) MT - 1-10 GeV. 

As w i t h  e l e c t r o n s ,  t h e  d i r e c t  muon s i g n a l  i s  threa tened  by a 

p o t e n t i a l l y  d i s a s t r o u s  background from secondary processes  

o r i g i n a t i n g  w i t h  t h e  enornous number of f i n a l - s t a t e  hadrons. 

I n  t h i s  case t h e  problem i s  with muons from pion decay. An 

experiment dedica ted  .to t h e  measurement of LI 1-1 p a i r s  might 

t a k e  t h e  approach of t h e  Mark J experiment a t  PETRA,15 shown 

i n  Fig. 5 .  Bere an a c t i v e  absorber  ( c a l o r i m e t e r )  immediately 

surrounds t h e  i n t e r a c t i o n  region,  providing energy f low in- 

+ -  

format ion  and removing hadrons before  t h e y  decay, followed by 

l a y e r s ,  of magnetized i r o n  i n t e r l e a v e d  w i t h  d r i f t  chambers t o  

measure' t h e  t r a j e c t o r i e s  'of muons. 

case it will be c r i t i ca l  t o  achieve r a p i d  a b s o r p t i o n  of t h e  

mesons: An e f f e c t i v e  f l i g h t  p a t h  of even 10 m before  

absorp t ion ,  a d i s t a n c e  comparable to  hadronic  i n t e r a c t i o n  

l e n g t h s  i n  dense materials, would s t i l l  a l low a f i n i t e  

p r o b a b i l i t y  f o r  s e v e r a l  fake p a i r s .  Thus a proper ly  designed 

experiment may r e q u i r e  s p e c i a l  beam pipes  and c a r e f u l l y  

* 

For t h e  nuc lear  beams 

c r a f t e d  compromises i n  t h e  measurements of energy f low i n  t h e  

, . i n i t i a l  absorber  i n  order  t o  reduce t h e  background t o  a 

manageable l e v e l .  Such compromises w i l l  a l s o  a f f e c t  t h e  

a c c e s s i b i l i t y  of t h e  l o w  end of t h e  i n t e r e s t i n g  mass range 

n e a r  y = 0. -. 
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Fig. 4. Diagram showing t h e  p r i n c i p l e  of t r a n s i t i o n  r a d i -  
a t i o n  d e t e c t i o n  by " c l u s t e r  counting" technique o . 
The d r i f t  chamber photon d e t e c t o r  and its high 
speed readout e l e c t r o n i c s  a r e  designed t o  r e s o l v e  . 

i n d i v i d u a l  i o n i z a t i o n  e l e c t r o n s  i n  t h e  wire cham- 
ber.  
tracks (smal l  c l u s t e r s )  can be d i s t i n g u i s h e d  from 
t h e  s i g n a l s  due t o  absorp t ion  of x-ray quanta 
( l a r g e  c l u s t e r s ) ,  and the s e n s i t i v i t y  t o  the TR 
s i g n a l  can be s i g n i f i c a n t l y  enhanced . 
( s e e  Ref. 14) .  

In t h i s  way the  dE/dx s i g n a l s  from charged 

4 



Fig. 5 V i e w  of Mark J d e t e c t o r  f o r  U+P- measurements i n  col-  
l i d i n g  e l e c t r o n  beams a t  PETRA. The beam d i r e c t i o n  is 
perpendicular  t o  t h e  plane of the  drawing (Ref.15). 
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4. CALORIMETERS 

Calorimeters measure t h e  energy, p o s i t i o n  and d i r e c t i o n  of 

p a r t i c l e s  through t o t a l  absorp t ion  of t h e  i n c i d e n t .  energy i-n 
a dense material t h a t  has been laced  wi th  a matrix of a c t i v e  

readout  elements.  The technology of t h e s e  d e t e c t o r s  has 

r e c e n t l y  been brought t o  a high l e v e l  of s o p h i s t i c a t i o n  f o r  
many types  of a p p l i c a t i o n  i n  c o l l i d i n g  beam experiments. 5 

For n u c l e a r  beams experiments these  devices  w i l l  provide a 

powerful means of averaging over the s i n g l e  particle 

behavior  to  g ive  precise p a t t e r n s  of energy flow, w i t h  

s i g n a l s  developed on a t i m e  scale (- 100 nanosec) which i s  

u s e f u l  f o r  very f a s t  t r i g g e r  dec is ions .  Calor imeters  pr0viL.J 

t h e  only  p r a c t i c a l  means of measuring t h 3  energy c a r r i e d  by 

n e u t r a l  p a r t i c l e s .  

< 

The l i m i t i n g  energy r e s o l u t i o n  of a c a l o r i m e t e r  i s  

determined by f l u c t u a t i o n s  i n t r i n s i c  t o  the  mechanism of . 
shower development. The underlying phenomena are s t a t i s t i ca l  

processes  whose effects grow i n  magnitude as k", where E i s  

t h e  depos i ted  energy. Hence the  l i m i t i n g  accuracy, expressed 

as a f r a c t i o n  of t h e  t o t a l  energy, improves with i n c r e a s i n g  

energy d e p o s i t  as E . For sampling c a l o r i m e t e r s ,  t y p i c a l  

va lues  f o r  the f r a c t i o n a l  energy r e s o l u t i o n  ( a /E)  and 

-1 / 2  

5 
t r a n s v e r s e  shower s i z e  (%) are: 

Elec t romagnet ic  Showers ( e l e c t r o n s  and photons):  

Hadronic Showers : 



. 
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The va lue  of XT g i v e s  t h e  minimum physic& s i z e  of i n d i v i d -  
u a l  read-out elements.  The degree of angular  segmentation 

i s  then  determined by t h e  d i s t a n c e  o f  t h e  c a l o r i m e t e r  f a c e  

from t h e  i n t e r a c t i o n  poin t .  Figure 6 shows a c a l o r i m e t e r  

a r r a y  c o n s i s t i n g  of f o u r  w a l l s  surrounding t h e  i n t e r s e c t i o n  

p o i n t  of t h e  c o l l i d i n g  beams a t  the  CERN ISR.16 The c a l o r i -  

meter s t a c k s ,  which h e r e  c o n s i s t  of i n t e r l e a v e d  l a y e r s  of 

uraniim, copper and p l a s t i c  s c i n t i l l a t o r ,  are 1.2 meters 

t h i c k .  Each w a l l  is subdivided i n t o  a checkerboard a r r a y  of 

20 cm x 20 cm "towers" which are read out  i n d i v i d u a l l y .  The 

tower s i z e  i s  determined by t h e  dimensions of hadronic  

showers. For d e t e c t i o n  of e l e c t r o n s  and photons the seg- 

menta t ion  can be much f i n e r :  .Fig.  7 shows, from t h e  same 

experiment,  an a r r a y  of 4 x 4 cm sodium i o d i d e  c r y . s t a l s  

which i s  placed on t h e  i n s i d e  f a c e  of one of t h e  c a l o r i m e t e r  

w a l l s  . 
I n  c o n t r a s t  t o  our probiems with t r a c k i n g ,  t h e  perform- 

ance of a c a l o r i m e t e r  system such- a s  ' t h i s  should be excel- 

l e n t  f o r  t h e  high m u l t i p l i c i t y  nuc lear  beams case. In a 

c o l l i d e r  wi th  the  parameters of RHIC, f o r  i n s t a n c e ,  where 

Gold beams i n t e r a c t  a t  100 + 100 GeV/amu, t h e  - 3000 f i n a l -  

s ta te  p a r t i c l e s  i n  a head-on c o l l i s i o n  c a r r y  away as much as 

40 TeV of energy. 

A c a l o r i m e t e r  system covering t h e  f u l l  s o l i d  angle  and 

subdivided i n t o  1000 cells would have enough energy depos- 

i t e d  in  each ce l l  f o r  an energy measurement a t  t h e  l e v e l  of 

-10%. The angular  d i s t r i b u t i o n  of the energy flow in each 
-- 

e v e n t  i s  thus  determined with e x t r a o r d i n a r y  prec is ion .  

c a l o r i m e t e r  need not  be too deep, s i n c e  t h e  energy is carri- 

ed by a l a r g e  number of r e l a t i v e l y  low energy p a r t i c l e s  - an 

important  d i f f e r e n c e  from t h e  des ign  c r i t e r i a  f o r  c u r r e n t  

h i g h  energy phys ics  experiments.  Also, a 47 c a l o r i m e t e r  f o r  

The 

.. . 
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FLOOR CALORIMETER 

Fig. 6. The Detector  Array of the Axial F i e l d  Spectrometer 
(CERN experiment R807/808) surrounding t h e  ISR 
c o l l i d i n g  beams (Ref. 16). 



T. LUDLAM 

\ Na I 

I 
i 
i 

- 1  

Fig. 7.  An a r r a y  of 600 sodium iod ide  c r y s t a l s ,  each 
4 x 4 an2, covering an area - 1 square  meter 
on the  f a c e  of a uranium ca lo r ime te r  w a l l  of 
the A x i a l  F i e l d  Spectrometer. 
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n u c l e a r  beams experiments need not be r i g o r o u s l y  "hermetic" : 

The physics  c o n s i d e r a t i o n s  which guide event s e l e c t i o n  do 

not  hinge on cases where a l a r g e  f r a c t i o n  of t h e  t o t a l  inci-  

d e n t  energy may be c a r r i e d  away by a s i n g l e  par t ic le ,  and so 
t h e  des ign  can t o l e r a t e  some cracks and o t h e r  gaps i n  t h e  

coverage i f  necessary.  

These c o n s i d e r a t i o n s  lead  us t o  a d e t e c t o r  concept 

- unique t o  t h e  physics  of a high energy heavy i o n  co1l ider : l '  

a n e a r l y  - 45r c a l o r i n e t e r  f a c i l i t y  i n  which a number of 

small - a p e r t u r e s  are provided f o r  special-purpose spectro-  

meters. 

p a t t e r n s  of energy flow, while t h e  s e v e r a l  instrumented 

Events are s e l e c t e d  according t o  p r e c i s e l y  measured 

" p o r t s "  provide d e t a i l e d  measurements on i n d i v i d u a l  p a r t i -  

cles i n  spectrometers  whose a p e r t u r e s  are small enough so 

t h a t  t h e  t r a c k i n g  problem i s  manageable. 

This work w a s  supported by t h e  U.S. Department of Energy 
under Cont rac t  DE-AC02-76-HO0016. 
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